Abstract Human and ecotoxicological impacts were analyzed in the lower basin of the Coatzacoalcos River (Veracruz, State in Mexico). High pollution levels of contaminants from the oil industry have been reported in natural streams and the Coatzacoalcos River and in their sediments. USEtox™ model was employed to evaluate environmental fate, exposure, and effect of nine organic compounds (polycyclic aromatic hydrocarbons and one of which was in the group of polychlorinated biphenyls), a heavy metal (lead), and the effect of the industrial wastewater emitted into the river, on the Coatzacoalcos region. Most of these compounds are highly toxic; they bioaccumulate in human and animal tissue, mainly in the fatty tissues and can damage different organs and systemic targets such as the liver, kidney, hormonal system, nervous system, etc., of both humans and wildlife. The model estimates that 96 % (3,247 kg/day) of organic compounds is transferred from the water into air, whereas only 4 % (151 kg/day) remains in the water. In addition, it predicts that humans are mainly exposed to polychlorinated biphenyls (PCBs) congeners (28 and 153) by eating contaminated fish, due to PCBs accumulating in the fish fat tissue. The number of cases of cancer and noncancer (1 in 862 habitants per additional kilogram) is expected to have an increment due to the higher PCBs exposure of human population. Genetic damages in fishes, earthworms, and toads have been observed and related to higher exposure to organic compounds. The relationship between the field reported data and those one predicted by the USEtox™ model have been confirmed empirically by using the nonparametric correlation analysis (Spearman's rho). Based on the USEtox model, the environmental stress in the Coatzacoalcos industrial zone is between 2 and 6 orders of magnitude over geometric mean of acute aquatic EC 50 s. We think that USEtox model can be used to expand the number of substances that have the current water quality guidelines to improve the water management in Mexico.
Introduction
Coatzacoalcos and Minatitlán are two nearby cities alongside the Coatzacoalcos River, at the Golf of Southeast Mexico, both with about 463,100 inhabitants (INEGI 2010) . Since the 1960s, the oil and petrochemical industry were developed in the Coatzacoalcos region. Nowadays, there are more than 65 major chemical, petrochemical, and oil and gas facilities, 100 terrestrial and maritime storage tanks, pumping and selling terminals, oilfields, and a widespread pipeline network. Emissions from these industries affect local air quality, human health, and environmental. The lower basin of the Coatzacoalcos river regions is one of the zones in Mexico that has been particularly disturbed by crude oil spills and today with industrial wastewater, with strong environmental impacts on the local population and aquatic ecosystems Toledo 1988; Bahena-Manjarrez et al. 2002; Espinosa-Reyes et al. 2012; INE 2010; Mendoza-Cantú et al. 2011; Pelallo-Martínez et al. 2011; Ilizaliturri-Hernández et al. 2012; Gonzalez-Mille et al. 2013; Pelallo-Martínez et al. 2014) .
According to reports from the National Water Commission, about 462 l/s of domestic wastewater and 915 l/s of wastewater from industry have been discharged into the lower basin of the Coatzacoalcos River in the last decade, most of them without treatment (CNA 2008) . The wastewater discharge includes the equivalent of 30.7 tons/day chemical oxygen demand (COD), 25.3 tons/day of sulfate, 1.5 tons/day of nitrogen compounds, 0.31 tons/day of heavy metals, and 0.13 tons/day of toxic organic compounds (mainly polycyclic aromatic hydrocarbons (PAHs)).
Several studies have been carried out over the last 40 years in the area, documenting strong environmental impacts on the estuary ecosystems of the Coatzacoalcos river and the commercially important aquatic biota because of the presence of PAHs, pesticides, heavy metals (zinc, iron, cadmium, copper, lead, and mercury), oil hydrocarbons, and polychlorinated biphenyls (PCBs) in sediments and water of the river. Organchloride, phenolic, sterols, detergents, and volatile organic compound have been detected in water for domestic use Ibarra et al. 1973; Perez-Zapata et al. 1982; De Leon-Rodriguez et al. 1983; Botello, A.V. y Páez-Osuna 1986; Toledo 1988; Rosales 2005; INE 2007; RiojasRodriguez et al. 2008; Ruelas-Inzunza et al. 2009; INE 2010; Ilizaliturri-Hernández et al. 2012) . Presence of lead in the blood, hair, or breast milk in the human population of the Coatzacoalcos area has been detected by Pérez-Zapata (1982) and INE (2007) . Toxic organic compounds and persistent organic pollutants (POPs) have been found in species of commercial fish (Botello and Paez 1986; González-Mille 2010; Gonzalez-Mille et al. 2013, respectively) . The study of INE (2007) reported high levels of toluene and ethylbenzene in the water, and benzene and toluene in the sediments in a natural area called Yuribia dam, located 34 km west of the industrialized area, supposedly contaminated via the air. This natural area supplies drinking water to the cities of Minatitlan and Coatzacoalcos. In addition, Petrlink and DiGang (2005) reported the presence of dioxins and PCBs in chicken eggs in Coatzacoalcos. Likewise, pregnant women from Coatzacoalcos had a higher concentrations of dioxins (19.96 pg/g lipid) and PCBs (45.1 μg/g lipid), compared with pregnant women from other cities in Mexico (INE 2007) .
Nevertheless, the main tool for water management in Mexico is limited to a list of only 26 inorganic substances and 78 organic compounds (SEMARNAT 2014). In addition, there is a specific mechanism to establish specific conditions of wastewater discharge from a classification study of local water body (river or lake) that only include 17 substances (CNA 2008) . However, priority pollutants constitute only part of the large chemical pollution puzzle; there is a diverse group of unregulated pollutants that are discharged by municipal and industrial wastewater treatment plants.
In other parts of the world with strong activity of oil and gas industries, the same problems of pollution have been observed. In the USA for example, a study conducted in a Louisiana area with a dense location of refineries and another one with petrochemical industries, revealed that cancer mortality was no higher than in other parts of Louisiana (Tsai et al. 2004a) . A case-control study from Brindisi in Italy found an odds ratio (OR) of about 3 for lung cancer among people living within 2 km of petrochemical industries, though this was not statistically significant (Belli et al. 2004) . In an oil and gas industrial area in Alberta, Canada (Simpson et al. 2013) , presence of 77 volatile organic compounds (VOCs) with potential impacts on human health was reported.
Recent models for risk and life-cycle impact assessment like EUSES, USEtox, GLOBOTOX, SADA, and MAFRAM (Rovira et al. 2013 ) have been developed to assess the adverse effects of individual contaminants on ecosystems and human health. These model are multimedia models, which assess the exposure and risk in different environmental matrices, such as soil, air, water, and food chains with different degrees of complexity within each medium (Rovira et al. 2013) . Apart from the risk-assessment models, there are models for assessing impacts to human health and the environment in life-cycle impact assessment (LCIA). The goal of LCIA is to translate the emissions that occur in the life cycle of a product, process, or service into their potential impacts on the environment. Moreover, there are also steps in LCIA that also exist in the risk assessment (i.e., exposure assessment). Therefore, models used in LCIA can be used also to assess human or environmental exposure to chemicals (Olsen et al. 2001 ). One such model is the USEtox™ model (Hauschild et al. 2008; Rosenbaum et al. 2008) , which is an environmental model for characterization of human and ecotoxicological impacts in LCIA.
Previous models in LCIA, such as CML 2001 (Guinée 2002 ), EDIP 1997 (Hauschild et al. 2005 , or IMPACT 2002+ (Jolliet et al. 2003) , have not been comparable because the characterization factors (CF) and impact measurements were not standardized. USES-LCA uses as CF kilograms of 1,4 dichlorobenzene-eq per kilogram emitted (Van Zelm et al. 2009 ); EDIP cubic-meter compartment per kilogram emitted (Hauschild et al. 2005) ; IMPACT 2002+ kilograms of chloroethylene-eq per kilogram emitted for human toxicity, and kilograms of ethylene-eq per kilogram emitted for aquatic ecotoxicity (Jolliet et al. 2003) . Furthermore, fate, exposure, and effect are not modeled together in all models. The idea to develop USEtox™ was to standardize the way to model LCIA. USEtox calculates CF for human toxicity and freshwater ecotoxicity. Assessing the toxicological effects of a chemical emitted into the environment implies a cause-effect chain that links emissions to impacts through three steps: environmental fate, exposure, and effects .
The primary aim of this study was to model the fate, exposure, and effect of the chemicals contained in the oil and petrochemical industry wastewater, which are discharged into the lower basin of the Coatzacoalcos River by using USEtox™. The secondary aims were to predict the toxic pressure of those chemical and compare them with the real impacts expressed by different authors according with ecotoxicological studies in this area, and the last was to validate the results through a correlation obtained by a nonparametric analysis. Finally, it is offered a recommendation to the stakeholders, like the Mexican authority in water management, to use the USEtox model and incorporate it to set water quality goals for rivers in Mexico.
Materials and methods

Study area
The hydrological system of the area belongs to Mexico's watershed region number 29 (CNA 2008) , located at the Gulf of Mexico (Fig. 1) . The most important river is the Coatzacoalcos River (the same name as the city), which empties its water into the Gulf of Mexico with a flow rate of about 169 to 4,120 m 3 /s, depending on the season of the year. The part of the Coatzacoalcos River considered in this study is from the sea 42.5 km upwards along the river. In addition, up the river, there is no industry anymore, and the water can be considered clean. The river's width varies from 176 to 330 m, and its depth is up to 16 m. The aquatic fauna includes 46 species of fish and 13 invertebrate species, numbers that are considered as being already affected by anthropogenic activity (Toledo 1988 , Toledo 2005 (NOM-001-ECOL-1996) . The 4 samples/day were mixed and analyzed according to standardized methods in commercial laboratories. The inventory of the substances included 12 organic compounds, including halogenated nonaromatics, polycyclic aromatics compounds and PCBs, and three metals ( Table 1 ). The total water flow in the industrial wastewater effluents was 71,503.5 m 3 /day.
The USEtox™ model
The USEtox™ model is an environmental model for characterization of human and ecotoxicological impacts in LCIA, developed by a team of researchers in association with the Society for Environmental Toxicology and Chemistry (SETAC). It represents a scientific consensus model process involving comparison of and harmonization between existing environmental multimedia fate models Henderson et al. 2011) . USEtox is structured in a matrix framework composed of a series of matrices combining fate with exposure and effect through of CF (Rosenbaum et al. 2007 ). This CF compresses the information on the fate, exposure and effect of the chemical and that can be expressed as the multiplication of these factors (Birkved and Heijungs 2011) .
The model calculates CF for carcinogenic impacts, noncarcinogenic impacts, and total impacts (Carc + non-carc), freshwater ecotoxicity for chemical emissions into the air, water, and soil. The CF can be expressed as the multiplication of the fate factor (FF), exposure factor (XF), intake factor (iF), and an effect factor (EF). The FF is equal to the compartmentspecific residence time (days) of a chemical. The longer the residence time, the longer a chemical remains in the environment. The fate component of USEtox™ accounts for removal processes and intermediate transport processes of chemicals in the environment. Thus, the fate model part of USEtox™ calculates the residence time of a chemical, based on the quantification of all these environmental processes.
The XF relates the amount found in a given environment (compartment) to the chemical intake by humans. The aspect of exposure covers several intake routes for humans, such as inhalation of air and ingestion through crops, fish, and dairy. The effect factor for humans (EF hum ) is the increase in the number of cases of a given morbidity in the exposed population per unit mass ingested or inhaled. For human toxicity, the product of the FF and the XF is denominated as the iF.
The effect factor for ecotoxicity (EF eco ) is the potentially affected fraction (PAF) in 1 m 3 water/kg emitted. The PAF quantifies the fraction of species in an ecosystem that is affected by a given level of exposure. Generally it is considered the concentration of a contaminant that causes a PAF of 50 %. The ecotoxicological EF is calculated as PAF = 0.5 divided by the hazardous concentration HC 50 . The HC 50 in turn is based on species-specific EC 50 data, being defined as the hazardous concentration at which 50 % of a population is exposed above the species' EC 50 . The EC 50 is the effective concentration at which 50 % of a population displays an effect, such as mortality (van Zelm et al. 2007; Rosenbaum et al. 2008; Henderson et al. 2011) . For example, the concentrations of benzene has an ecotoxicological EF of 15.4 PAF· m 3 /kg, meaning that 32.5 g of benzene in 1 m 3 water causes 50 % of the species to be affected.
The effect factor (EF hum ) for human toxicity potential reflects the change in the life time disease probability due to change in the life time intake of a pollutant (cases/kg intake ) and are determines EF for carcinogenic and non carcinogenic chemical separately. This human toxicity potential is expressed in Comparative Toxic Units (CTU h ), providing the estimated increase in morbidity in the total human population per unit mass of a chemical substance emitted, expressed in cases per kilogram, assuming equal weighting between cancer and non cancer. The CF for the aquatic ecotoxicity potential is expressed in CTU e , providing an estimate of the PAF integrated over time and volume per unit mass of chemical emitted. Apart from the model itself, USEtox™ includes a database that provides raw data for CF (as well as the subordinated factors) of several thousand chemicals that can be used in the modeling Huijbregts et al. 2010) .
The raw data of FFs, exposure or intake factors (XFs or iFs), and EFs, as well as CF were taken for each of the 12 substance of our analysis (Table 1 ) from the USEtox™ database. The model was calibrated by using the data given in Table 2 , according to the regional geographical and climatic parameters.
Likewise, to improve the understanding of the relative importance of the individual emissions, the toxicity impact score (IS) were calculated to expressed for example a human toxicity IS in CTU h . This CTU is a relative scale which is based on the point in the dose response curve where 50 % of a given test population are observed to be affected by a given substance (CTU = 1 when 50 % of the population are effected, or ED 50 ). This is done using a weighted summation of the releases of pollutants of a product system, as shown in Eq. 1.
where, IS is the impact score, e.g., human toxicity (cases); CF x,i the characterisation of substance x released to compartment i (cases/kg) and m x,i the emission of x to compartment i (kg). The summation holds for substances and emission compartments . This means that assessing these ISs, it is possible to identify which are the most important toxics in the sample, i.e., to enable the identification of all chemicals in the wastewater contributing more than, e.g., one thousandth to the total score.
All USEtox CF provided for metals are currently classified as interim . Therefore, the fate and exposure parts of the USEtox model are considered insufficient to model the environmental behavior of metals (Diamond et al. 2010) .
To know if there is relationship between the values calculated by USEtox for the Coatzacoalcos region in the past four decades and those ones reported by other researchers, Spearman's rank correlation coefficient analysis was performed. The bootstrap procedure was used due to the small amount of available values; in the majority of cases of the present study, 1,000 samples were used (OECD 2006; McDonald 2009 ).
Result and discussion
Fate factors
Contamination of the lower Coatzacoalcos basin, as predicted by the USEtox™ model, is presented in Table 3 . Taken together, 83 % of the mass of the 12 organic compounds in Table 1 emitted into the water, is transferred subsequently from the water into the air. As observed in the same Table 3 , benzene, This may explain the reason that BTXs has been found in drinking water of the region as shown in Table 4 (INE 2007) . It is particularly worrying that the concentrations of BTXs and ethylbenzene in the sediments of drinking-water storage tanks in Coatzacoalcos city are similar to those concentrations reported in sediments of the wastewater effluents that reach the Coatzacoalcos River. In addition, 50 % of the mass of the PAHs (fluoranthene and pyrene) is predicted to remain in the river water. This may explain that these PAHs are found in relatively high concentrations of 0.077 to 0.90 ppm in the tissue of commercial fishes and crustaceans from the Coatzacoalcos River Ponce-Vélez et al. 2005) . The model estimates that the organic compounds in the industry wastewater, 96 % (949.2 kg/day) of them are transferred into the air of the region, while only 5.2 % (49.9 kg/day) remains in the water (Table 3) .
The heavy metals generally reach the river sediment, where they can remain for decades, being over time ingested by microorganisms and fishes. The heavy metals, according to the mass discharged, are ranked as follows: iron > zinc > lead. The high concentration of iron in the effluent is due to internal corrosion of pipelines caused by the transport of corrosive materials in plants manufacturing processes. The presence of zinc is used in water treatment. Based on Table 2 , 4.07 kg/day of lead are emitted in the industry wastewater. However, this value is low, because there are currently no industrial processes that can emit it into the wastewater. The reason for the presence of lead is that it is the accumulated in the river due to the past operation of a tetraethyllead plant for gasoline near Coatzacoalcos city, which used about 450 kg lead /month, from 1960 until its closure in 1997, where part of them were discharged into the Coatzacoalcos River via the petrochemical wastewater (Pérez-Zapata et al. 1982) .
The last reports of lead concentration measurements in the water, sediment, fish, and turtles of Coatzacoalcos River, as well as in humans of the local population are shown in Table 4 . For example, the concentrations of lead in fish ranged from 0.010 to 53.63 ppm, at that time Halffter et al. 1973) . Lead was found in muscle tissue of fish, at high level (5.4 μg g (2011) reported lead values of 24.2 μg/dl in blood of turtles, which are significantly higher in industrial sites. Like lead effect, these authors found an inhibition or decrease of blood delta amino-levulinic acid dehydratase (δ-ALAD) activity-a key enzyme in hemoglobin production-after exposure to lead. In addition, the same effect of lead is documented in many species of marine teleosts (Eisler 2000) . It is clear that lead remains in the ecosystem and continues to affect the human population through ingestion of commercial fishes and crustaceans. It is notable how lead may go through the food chain in this context. The dominant fish species of the river bottom is Arius melanopus (Bozada et al. 1986 ), which feeds on decapods, ostracods, tanaidacea, amphipods, polychaetes, molluscs, and detritus living in the sediment (Vega-Cendejas 1990). All of them contained lead. Subsequently, larger fish species eat catfish (A. melanopus) or also humans consume directly catfish (González-Mille et al. 2010 ).
The average concentration of lead in the blood of children in the village of Mundo Nuevo (located 3 km to the south of the city of Coatzacoalcos) was 12.7 μg/dl, ranging from 9.1 to 19.1 μg/dl (INE 2007; Pelallo-Martínez et al. 2011 ) (see Table 4 ). These concentrations are very high in comparison with the values reported, for example, by Edwards et al. (2009) for children younger than 1.3 years in Washington, DC, which ranges from 5.0 to 10 μg/dl. Figure 2 shows the modeling results of the distribution in the environment, in terms of predicted iF for six exposure pathways and three to four exposure routes for each of four contamination compounds in the Coatzacoalcos region (PCBs, benzene, toluene, and xylene).The iF is the emitted mass of a contaminating compound in kilograms that reaches the human population. According to the model, PCBs reach humans mainly by eating contaminated fish (Fig. 2a) . The prediction is on the relationship at the values of PCBs founded by Gonzalez-Mille et al. (2010) in fishes of the Huazuntlan river, affluent to Coatzacoalcos River (Table 4) . Likewise, at the values of 1,554 ppm PCB-118 in sediment, measured in the Coatzacoalcos River. In addition, Gonzalez-Mille et al. (2013) found high value of POPs in soil and toads' tissues (R. marina) ( Table 4 ). POPs concentrations in soil exceed limits established by international guidelines (Canadian Council of Ministers of the Environment and National Oceanic and Atmospheric Administration), which represents a risk for terrestrial organisms from the region of Coatzacoalcos, Veracruz. Even more alarming, the PCB-28 concentrations of 2.25 to 3.86 μg/dl and of 3.3 μg/dl to PCB-153, which has been measured in the blood of children in the village of Allende (located in front of the city of Coatzacoalcos), being the highest registered PCB concentrations in Mexico (INE 2007) .
Exposure and effect factors
As can be seen, the emissions via wastewater had an effect on the local ecosystem, reaching the population through different pathways.
As shown in Fig. 3 , the model predicts that PCBs strongly affect the regional population. The number of human morbidity cases (cancer and no cancer) in the exposed population is estimated to be an additional 0.00033 cases per additional kilogram emitted into the water, i.e., one additional case among 862 habitants per additional kilogram.
For benzene and toluene, the model describes the direct exposure pathways in six evaluated compartments, respectively, showing that the exposure route into humans is mainly via the air (Fig. 2b, c) . For the benzene, the second exposure pathway of importance is via drinking water (Fig. 2b) . For xylene, intake via drinking water is the only major exposure route (Fig. 2d) . Model predictions for intake of contaminants agree with those observed data of 0.17-0.64 μg/l for benzene, 0.14-0.29 μg/l for toluene, and 0.37 μg/l for xylene in Coatzacoalco's drinking water and sediment of storage tanks (see Table 4 ). These values obtained with USEtox model show the exposure relationship to PAHs observed in children living in Coatzacoalcos, Veracruz, and in nearby surrounding areas exposed to a mixture of pollutants from different sources. The most severe effects of these mixtures were strictly related to coexposure to high levels of PAHs (Pellallo-Martinez et al. 2014) .
There are also considerable ecotoxicological CF, for PAHs (Fig. 3) , which have a toxic pressure from wastewater. This prediction is supported, for example, by Botello et al. (1986) and Ponce-Vélez et al. (2005) , who reported the presence of PAHs in 19 commercial fish and crustaceans species, with high values from 0.77 to 0.9 ppm (Table 4 ).
In the case of metals, zinc presented the largest ecotoxicological effect factors (EF eco ), with values of 3.0×10 10 comparative toxic units (CTU e ) in the fresh water compartment, and 3.06×10 10 in the air compartment. These values are followed by iron with 5.8×10 5 and 1.11×10 8 CTU, respectively (Fig. 4) . The predicted sequence of ecotoxicological severance for these two elements is the same as that reported by Botello et al. (1986) and Ponce-Vélez et al. (2005) , who measured the sequence of bioavailability for metals in the Coatzacoalcos river as follows: Zn (35.1 %)>Fe (31.5 %)> Cd (28.9 %)>Co (22.3 %)>Pb (19.1 %)>Cr (16.8 %)>Ni (9.2 %). Zinc has only lightly toxic effects on aquatic life (Eisler, R 1993; Mohanty et al. 2009 ); large amounts of zinc intake during long periods, however, can cause anemia, nervous system disorders, and pancreas damage in humans (Tapia et al. 2011) . Finally, it is notable that Bozada et al. (1986) found comparatively low species numbers of aquatic life in the Coatzacoalcos River: They reported 46 fish, 9 crustacean, and four mollusk species, with predominance of the more resistant fish species A. melanopus; moreover, diversity indices were similar to those reported in other contaminated rivers.
Characterised impact score
The IS attempts to quantify the negative impact of the overall contamination. It is calculated by multiplying the mass of a contaminant emitted in a given compartment with the corresponding toxicity CF according to Eq. 1. The toxicity impact scores for human health and aquatic ecotoxicity in fresh water are given in Table 5 (in terms of CTU kg = PAF m 3 day
−1
). The sums at the end of the table indicate the strong predicted impact of the industrial emissions into the water, with 6.88× 10 12 CTU kg. The highest score corresponds to PCBs. The impact on humans is predicted to be many dimensions lower, with 2.55×10
−5 CTU kg, with the highest score corresponding to zinc. This is explained because the indirect contamination effect; first into the water, and then it reaches humans. It is important to mention that the current CF to PCBs and zinc are identified like interim (see Table 1 ). Therefore, this value can overestimate potential impacts by several orders of magnitude, depending on environmental chemistry. This is because their distribution in the environment depends on the chemical partitioning properties between water, air, and soil, mediaspecific degradation half-life and other factors that may cause uncertainty in the results (Henderson et al. 2011) .
As can be seen, the values of the Table 5 show the potential environmental impacts of the different substances, which are in direct relationship with the actual measurements (Table 4) of the environmental impact on aquatic life in the area. In order to understand these results, Fig. 5 shows the comparison between geometric mean of acute aquatic EC 50 (grey bar) versus the result obtained in the Coatzacoalcos area (green bar). This means that the aquatic ecotoxicity in the Coatzacoalcos River is very strong and has between 2 and 6 orders of magnitude above the EC 50 . This agrees with that found by Espinoza et al. (2010) , which collected wild earthworms in soil sample from the Coatzacoalcos River. They found DNA damage in earthworms from the Coatzacoalcos River that was significantly higher than in noncontaminated laboratory earthworms. Such genetic damage is thought to be caused by contamination with POPs, PHAs, and PCBs from the chemical industry. The contamination of earthworms is carried on into fishes that prey on them, and finally into humans who eat the fish (Langdon et al. 2003) . In addition Gonzalez-Mille et al. (2010) reported greater DNA damage in detritivorous fish and giant toads (R. marina) from an industrial area at Coatzacoalcos. Furthermore, they report that the measured genetic damage is similar or even higher compared with the genetic damage reported in fish from the polluted waters of the Sarno River in Naples, Italy (as measured there by Russo et al. 2004) . Table 6a shows that the Spearman's coefficient was 0.805 for the relationship between results of the concentration of pollutants in freshwater, calculated by USEtox and those reported for Coatzacoalcos area (Table 4) ; the level of significance was 0.029, value lower than 0.05 that guarantees a confidence level of 95 %. Therefore, it demonstrates that the concentrations of pollutants dissolved in water, obtained with the applied procedure, agree with results obtained in field that validates the USEtox model used. In addition, this trend agrees with the reported by Henderson et al. (2011) , who found that chemical-specific differences in environmental fate influence on CF for freshwater emissions, is lower in 2 orders of magnitude than those emitted to air (see Table 6a ) or soil, where the influence of the fate is more pronounced.
Conclusions and recommendations
This is the first application of the USEtox™ model in the Coatzacoalcos region and in general to analyze water contamination from the oil and petrochemical industry in Mexico for characterization of human and ecotoxicological impacts in LCIA. The model predicts toxicological effects on the ecosystem and on humans and was validated with field data. The USEtox™ model adequately assesses the fate, exposure, and effect of chemical contaminants released into the Coatzacoalcos River by the discharge of industrial wastewater. Given the cost of empirical toxicological study, USEtox™ model can be considered an important assessment tool of the effect of contamination in industrial regions, i.e., such regional models would model "typical" environmental conditions.
The model predicts an increase of disease in the local human population per unit of chemicals released by the oil and petrochemical industry, and an even greater negative impact on the aquatic ecosystem of the Coatzacoalcos region. PCBs, BTX, PAHs, and lead are the substances that have been detected in the aquatic biota, as well as in humans of the Coatzacoalcos region.
We hope that our predictions stimulate the oil and petrochemical industry in the Coatzacoalcos region to take actions to control their emissions better and to implement improved production processes. Based only on laboratory tests, it is not always possible to resolve the disputes regarding the potential toxicity because the analysis is based on a sample of water that can contain a mixture of substances and various physical and chemical factors, making it impossible to specify which substance causes the toxicity. We think that combining the laboratory test with the USEtox we can identify the current or potential toxicity, by using the CTU e and CTU h estimation of emissions generated by a particular production process or wastewater treatment plant.
In addition, the USEtox™ model can be used to predict potential aquatic toxicity estimating the CTU e (geometric mean of acute aquatic EC 50 ), from its relation with the limit values of water quality for use in industry or sewage to protect the aquatic environment in receiving water bodies where the industry and sewage discharges its wastewaters or as a control mechanism within a given production process, e.g., it may in future provide critical load values based on the assimilative capacity of the river, being that the adverse effects of toxicity have a seasonal dimension changes, which varies according to the process and period of operation in the oil, gas, and petrochemical industry, especially in periods of maintenance.
For introducing more compounds in the model, it would be important to have more detailed emissions' data like VOCs as fugitive emissions into the atmosphere, without measuring the variety of VOC's major components, pesticides into the river's water from the agricultural sector.
